Abstract. For Fe-Mn-Si-Cr-Ni shape memory alloys, it was previously found by HREM study that the formation of the nanometric lamella structures consisting of f.c.c. and h.c.p. phase is very important to exhibit good shape memory effect. In the present work, the formation process of such lamella structures has been studied in detail. The results are as follows. The transformation is initiated by random formation of extremely thin martensite plates with 1-2 nm width and then these plates are clustered and some of them coalesce to form thicker martensite plates with increasing deformation. The clustered regions are 400-600 nm wide and will correspond to the above mentioned lamella structures. These clustered regions are considered also to correspond to the thinnest martensite plate observable with optical microscope. In the optical microscopic scale, the thin martenite plates with the smallest width are formed rather uniformly in an austenite grain, and with further increasing deformation, they are clustered and coalesce into thicker plates with 3-8 pm width.
INTRODUCTION
In the past decade, Fe-based shape memory alloys have drawn much attention because the costs of production are very low. These are Fe-Mn-Si [I-91, Fe-Mn-Si-Cr-Ni [lo-161, Fe-Ni-Co-Ti [17-201 and Fe-Ni-C [21, 221 . The martensitic transformations involved in these memory alloys are the f.c.c.1h.c.p. transformation for the first two cases and the f.c.c.1b.c. t. transformation for the latter two cases. Among these alloys, the most promising alloy will be the Fe-Mn-Si-Cr-Ni alloy which is a modification of FeMn-Si alloy and has a property of corrosion-resistance comparable to the stainless steels. However, in order to obtain a good shape memory effect (more than 80% shape recovery) for this alloy, some kinds of thermomechanical treatments are necessary. For the as-solution treated specimen, only about 50% shape recovery is obtained. One of the thermomechanical treatments is so-called the "training" [9, 111. The other is such that a specimen which has been solution-treated at 1320 K for 30 min is first cold-rolled by 10% at room temperature and then heated at 970 K for 10 min.
Recently, in order to know the origin of the improved shape recovery in the thermomechanically treated specimen of this alloy, Ogawa and Kajiwara [23] studied in detail the deformation structures produced by 4% extension, using a high resolution electron microscope. In their experiment, specimens were subjected to the thermomechanical treatment of the latter type mentioned above. They found that the minimum unit of deformation band with about 0.2 pm generated in the thermomechanically treated specimen consists of lamella structure having a mixture of h.c.p. and f.c.c. phase with 1-10 nm widths, but in the case of non-thermomechanically treated specimen, the deformation band mostly consists of h.c.p. phase only. They have attributed the observed good shape memory effect to the easiness of the reverse transformation (h.c.p.+.f.c.c.) on heating, because there is no need for the nucleation of f.c.c. phase in the h.c.p. martensite, that is, extremely thin plates of f.c.c. phase in the lamella structure serve as starting places for the reverse transformation by thickening.
From the work of Ogawa and Kajiwara mentioned above, it seems that the formation of nanometric lamella structures which consist of parent phase (f.c.c.) and martensite (h.c.p.) is essential for this alloy to exhibit good shape memory effect. It is then very important to know the formation process of such lamella structures. The aim of the present work is to clarify various steps of the stress-induced martensite plate formation in this alloy, by using optical and electron microscoopes.
EXPERIMENTAL METHOD
The alloy used is an Fe-14Mn-6Si-9Cr-5Ni (mass%) alloy. The specimens were subjected to the thermomechanical treatment of the latter type mentioned above. By this treatment, the shape recovery for 4% extension is increased to 80% from 50% of the non-thermomechanically treated specimen.
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The specimen thickness was 0.4 mm in the cold-rolled state. The change in surface relief due to the stress-induced martensite transformation during extension was continuously observed by differential optical microscope. For electron microscopic observation, specimens were thinned by the twin-jet polishing technique after extension of 0.2,0.8, 1.6, 3.0 and 4.0%, respectively.
RESULTS and DISCUSSION

Optical microscopic observation
Figures 1 (a)-(d) show a series of optical micrographs which were taken during extension at a constant strain rate of 1.1~10-4 /s. Double arrow indicates the point serving as a fiducial marker. The tensile axis is parallel to the horizontal direction of these micrographs. The continuous observation of the surface relief was made by differential optical microscope, using a CCD camera. The corresponding stress-strain curve is shown in Fig. 2 As seen in Fig. 1 , the width of each martensite plate seems to increase with increasing applied stress. Using a video printer, we have measured the change in martensite width as a function of applied stress in detail. Three typical examples are shown in Fig. 3 . It may be infered from this figure that the martensite plate width is almost linearly increased with increasing applied stress after the stress exceeds the yield point. ( As for plate C, the curve consists of two linear lines. ) So far we have stated that a thin martensite plate nucleates and then thickens later by increasing stress, but it turns out that this is not the case as shown in the following. Figure 4 shows a high resolution differential optical micrograh revealing that a martensite plate which seems to a single plate in an ordinary magnification micrograph consists of very thin martensite plates. The width of the thinnest plate observed in Fig. 4 is measured to be about 0.2 ym. Figure 5 shows a series of micrographs taken consecutively by stepwise extensions. This figrure reveals how a seemingly thick martensite plate has been formed by extension, that is, the elementary process of "thickening " of martensite plate is not the lateral growth of the plate but the nucleation of a new martensite at the place very close to the existing plate and the coalescence into one plate at a later stage as seen at the places indicated by arrows in the micrographs.
Electron microscope observation
In order to examine further details of stress-induced martensite formation, electron microscopic observations were made on the specimens extended by 0.2, 0.8, 1.6, 3.0 and 4.0%, respectively. , (1 1 l) f.c.c., is parallel to the incident electron beam. In this paper, only electron micrographs with such orientation are presented; otherwise, we can not measure the martensite plate widths and their distribution. There are very good one to one correspondence of martensite plates in (a) and (b) in Fig. 6 . From these microgrphs, it is measured that thickness of the martensite plates is 1-2 nm for thinner plates and about 30-45 nm even for thick plates. The other characteristic feature is that the martensite plates are rather uniformly formed at this stage of deformation.
As the amount of extension is increased, there appears a tendency that thin martensite plates are clustered in a certain region with the width of 400-600 nm. Figure 7 shows such an example, in which martensite plates were formed by 1.6% extension. Here thick martensite plates with the width of 60-130 nm in dark contrast have appeared, but it is evident from the upper left side area of the micrograph that these thick martensite plates consist of much thinner plates with the width of 3-10 nm. It is noted in this figure that most of martensite plates are clustered within the central region with about 600 nm width. Figure 8 shows an extremely high magnification micrograph of two neighboring very thin martensite plates with about 100 nm width which appeared in the specimen extended by 3%. Striations with sharp dark contrast in the martensite plate correspond to stacking faults in the h.c.p. phase. From the facts that the contrasts of the striations are very sharp despite of extremely high magnification of the micrograph and its diffraction contrast is rather uniform, each of the striations presumably corresponds to a single stacking fault lying on the (00.1) h.c.p. plane which is parallel to the incident beam. We can then measure the spacing between the neighboring stacking faults. It turned out to be 0.8-1.4 nm in a dense region as indicated by arrow. If the average value is taken from the area shown in Fig. 8 , it is 3-8 nm, which is comparable with those estimated from the analysis of electron diffraction patterns such as shown in Fig. 6 (c) [25] .
From the experimental results described in the preceding sections, we can construct the formation sequence of stress-induced martensite as follows. In the earliest stage of deformation, very thin martensite plates with 1-2 nm width appear rather uniformly and then these plates coalesce to form a thicker martensite plate. In the next step, martensite plates are clustered in a certain region of 400-600 nm width, where several thick martensites are situated in the center and thinner martensite plates are distributed around them. This clustered region will correspond to the minimum unit of deformation band which consists of lamella structures of f.c.c. and h.c.p. phases reported in the previous work [23] . It should be noted here that the "thickness increase" does not mean the lateral growth of the martensite plate, instead, very thin plates nucleate close to existing martensite plate and coalesce with it in both the optical microscopic and electron microscopic scales. It is worth emphasizing that the coalescence is never complete and the f.c.c. phase is left between them as can be known by the previous work [23] .
As mentioned above, the stress-induced transformation in the present alloy is basically accomplished by formation of groups of very thin martensite plates. This transformation mode will make it possible that the shape strain of martensite is accommodated elastically in the matrix (the parent phase). This nature greatly improves the shape memory effect, because 1) the plastic deformation in the parent phase can be avoided in principle at the time of martensite formation and 2), on heating, the strain field existing at the tip of a martensite plate will make easy the reverse motion of the Shockley partial dislocations which were associated with the formation of the h.c.p. phase.
